ABSTRACT. This study investigates the accuracy of the radiocarbon-based calculation of the biogenic carbon fraction for different biogas and biofossil gas mixtures. The focus is on the uncertainty in the 14 C reference values for 100% biogenic carbon and on the 13 C-based isotope fractionation correction of the measured 14 C values. The separately (AMS) measured CO 2 and CH 4 fractions of 8 different biogas samples showed 14 C values between 102‰ and 116% (pMC). The δ 13 C values of these samples varied between -6‰ and +31‰ for the CO 2 fraction and between -28‰ and -62‰ for the CH 4 fraction. The uncertainty in calculated biogenic carbon fractions due to uncertainty in the 14 C reference values depends on the available information about the origin of the used biogenic materials. It varies between ±0.5% and ±3.5% (absolute) depending on the type of biogas. A method is proposed to minimize this uncertainty for different groups of biogases. The calculated biogenic carbon fraction deviates up to ±2.5% for biofossil gas mixtures, if the applied isotope fractionation correction is based on the δ 13 C value of the mixed biofossil sample instead of the biogenic δ 13 C value. Combination of both error sources shows that the uncertainty in the calculated biogenic carbon fraction varies between ±0.7% and ±4.5%, depending on the type of biogas in the sample.
INTRODUCTION
Over the last 10-15 yr, several international policy measures have been introduced aiming at reducing the dependence on fossil fuels and decreasing the amount of fossil fuel CO 2 emissions (European Commission 2003) . The use of biomass in different fuel products has been encouraged by many financial incentives. Due to the large financial interests in the production, trading, and use of biomass-based fuels and/or their CO 2 emissions, reliable verification methods are needed to distinguish biogenic from fossil carbon fractions in fuels and in CO 2 emissions (flue gas).
Arguably the most reliable verification method so far for fuels and flue gas CO 2 is the 14 C method. In this method, the measurement of the radioactive carbon isotope 14 C in a fuel or flue gas CO 2 sample is used to determine the biogenic and fossil carbon fractions of the sample (in short: bioC fraction and fossilC fraction, respectively). The method is based on the linear relation between the measured 14 C abundance in a sample and the dilution rate of biogenic 14 C in the sample due to the fossil 14 C-free carbon fraction in the sample. The accuracy of the 14 C method to determine the bioC fraction of a specific sample (batch) depends on (1) representative carbon sampling and sample pretreatment, (2) accurate 14 C measurement, and (3) correct calculation of the bioC fraction.
So far, the 14 C method has been investigated and tested for different liquid and solid fuels and for flue gas CO 2 from the combustion of different fuel materials at different industrial/energy plants (Dijs et al. 2006; Mohn et al. 2008; Staber et al. 2008; Palstra and Meijer 2010) . The 14 C method has not been demonstrated yet for fuel mixtures containing biogas and natural gas.
The use of biogas (specifically, its biomethane fraction) as an alternative for natural gas increases due to more demand and an increasing number of (agricultural) biogas production plants. Although biogas is currently mainly used in combination with heat and power stations (CHP; production of electricity at the biogas production site), biogas is increasingly used as vehicle fuel and injected into local and national gas grids (Weiland 2010) . Hence, there is an upcoming market in which biogas is combusted alone or as part of biogenic/fossil (in short: biofossil) fuel mixtures. Verification of the biogenic carbon composition of produced biomethane, biofossil gas mixtures, and of related CO 2 emissions, using preferably the 14 C method, becomes more relevant.
This article will discuss to what extent two different aspects within the 14 C method introduce (systematic) errors in the calculated bioC fraction when applied to fuel mixtures containing biogas and 8
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natural gas. One of the investigated aspects is the uncertainty in the 14 C reference value for 100% biogas carbon (its methane fraction in particular). To calculate the bioC fraction of a sample, the 14 C value of this sample has to be compared with the 14 C value of the bioC fraction of the sample (reference value). The 14 C value of biogenic carbon is in general determined by the 14 C value of the atmospheric CO 2 during the time period of photosynthesis by plant material. The 14 C values of the atmosphere for the period 1950 until present have shown large temporal and spatial variations (Levin et al. 1995; Meijer et al. 1995; Hua et al. 2013) . Therefore, the 14 C reference value used to calculate the bioC fraction varies considerably between different biogenic materials (Fellner and Rechberger 2009; Mohn et al. 2012) . Especially when biogas itself needs to be verified for its 100% bioC content or when biogas and fossil gas are already mixed, the 14 C reference value of the bioC fraction in these kinds of samples cannot be determined based on direct 14 C measurement of the sample itself, but needs to be approximated based on (most likely) atmospheric 14 CO 2 values. This approximation introduces an uncertainty in the calculated bioC fraction, which increases when less information is available about the composition and origin (average harvest year) of the bioC material in the investigated sample. This is shown in this study for eight different biogas samples from different production sites. In the applied approach, the investigated biogas samples have been divided into four different biotype groups with a certain approximated 14 C reference value and a certain uncertainty for each, merely based on the expected harvest year of the biogenic materials used in the specific biogas production processes.
Another aspect that has been investigated in this study, and which has not been investigated so far for any kind of biofossil fuel mixture, is isotope fractionation correction of measured C-based isotope fractionation correction (to a normalized value) should be part of these calculations, especially if the biogenic carbon sources of the measured sample and the 14 C reference value are different and have different δ 13 C values. Norton and Devlin (2006) have shown examples of deviations in the calculated bioC fraction if the isotope fractionation correction has only been applied to the 14 C reference value but not to the measured 14 C value of the sample itself.
When applied, the isotope fractionation correction should in principle only correct for isotope fractionation that has occurred in the 14 C-containing carbon source. Hence, for 14 C applications in which mixtures of fossil and biogenic carbon are analyzed, the isotope fractionation correction should only correct for isotope fractionation that has occurred in the bioC fraction (until measurement). It is, however, often not possible to investigate the δ 13 C values of the bioC and fossilC fractions separately. In general, only the δ 13 C value of the final mixture will be analyzed, including the contribution of the fossil carbon. Mook (1980) has described this 13 C "mixing effect" on the isotope fractionation correction for atmospheric CO 2 samples. de Rooij et al. (2008) present a calculation study for (modern) carbon accelerator mass spectrometry (AMS) samples diluted with fossil carbon before graphitization. The 13 C mixing effect on the isotope fractionation correction has not been investigated yet for different fuels and flue gas CO 2 samples. This effect will in general not be relevant in case the biogenic carbon and fossil carbon have very similar δ 13 C values (like wood and coal) and when the fraction of fossil carbon is relatively small. Natural gas and biogas (their methane fractions), however, both show a large variation in δ 13 C values, with values ranging between -25‰ and -80‰ (Levin et al. 1993; Bergamaschi et al. 1998; Milkov 2005; Laukenmann et al. 2010) . Gas fuel mixtures containing biogas and/or natural gas might therefore show significant 13 C mixing effects on the isotope fractionation correction, as the measured δ 13 C value of the biofossil mixture can be very different from the δ 13 C value of the bioC fraction in the sample. Hence, for these kinds Biogenic C Fraction of Biogas, Natural Gas Fuel Mixtures of mixtures some systematic deviation in the 14 C-based bioC fraction can be expected. This study quantifies these deviations, both theoretically and experimentally, for different biogas and natural gas fuel mixtures. The necessary calculations will be presented in detail and the results are tested and illustrated with actual biogas/natural gas mixtures. Finally, this article will show how both investigated aspects together affect the accuracy of the 14 C method for biogas/natural gas mixtures.
EXPERIMENTAL METHODS
To determine the 14 C values of biogas from different production plants and to investigate the isotope fractionation correction of biofossil gas mixtures, different biogas and natural gas samples have been acquired, pretreated, and then combusted to pure CO 2 . The δ 13 C value of this CO 2 has been analyzed by isotope ratio mass spectrometry (IRMS) and, after graphitization, its 14 C value by AMS. To investigate the isotope fractionation correction, two different mixture series of biogenic and fossil CO 2 (both from combusted CH 4 samples) have been made: one from biogenic and fossil CO 2 with very different δ 13 C values and one from biogenic and fossil CO 2 with similar δ 13 C values. For every pair of biogenic and fossil CO 2 , at least five different CO 2 mixtures with bioC fractions between 0 and 100% were made and analyzed on δ 13 C and 14 C.
Biogas and Natural Gas Samples
Eight raw biogas samples and three natural gas samples have been obtained in 2011 from DNV KEMA, Groningen, the Netherlands. DNV KEMA sampled the gases at production sites (except "Groningen gas," which was sampled in the laboratory of KEMA itself) and determined the composition of the gases based on gas chromatography (GC) analysis in their laboratory. The gas was sampled with 3-L gasbags of various types (SKC Tedlar bags with polypropylene fitting, SKC Flex Foil bags with polypropylene fitting, and Tedlar bags from BaSystemen with polypropylene fitting).
Gas Sample Pretreatment
Before the gas samples were combusted to CO 2 , all samples have been pretreated. Part of the pretreatment of the biogas samples was different from that of the natural gas samples, due to the larger CO 2 fraction present in the (raw) biogas samples compared to the natural gas samples. The investigated raw biogas samples contained 8-42% CO 2 (mol. fraction), while the natural gas samples contained maximal 1-3% CO 2 . In this study, the CO 2 fraction in the biogas samples has been separated from the CH 4 fraction (and some other minor components), to gain insight into the isotopic carbon composition of both carbon components separately. As the removal of the CO 2 fraction is common practice in the pretreatment of biogas to obtain a safe, energy-efficient, and reliable energy source (biomethane or what is often called "green gas"), the isotope measurement results of the combusted CH 4 fraction are also a realistic example of carbon isotope results that can be expected if pretreated biogas samples are combusted.
In this study, 360-490 mL of raw biogas was prepared, delivering 250-300 mL CO 2 after combustion of the CH 4 fraction. This amount of CO 2 was necessary because it formed the basis of our investigated biogas-natural gas mixtures. To separate the CO 2 and CH 4 fractions of a raw biogas sample, the sample was introduced in a vacuum-pumped system, water and heavy molecules were cryogenically trapped with dry ice/ethanol (-78°C), and the CO 2 was cryogenically trapped in an iso-pentane trap (-160°C). The remaining CH 4 fraction was cryogenically trapped with liquid N 2 (-196°C) in a 20-mL flask that contained approximately 4 g of molecular sieve 5A. The trapped CO 2 fraction was transferred to a cylinder. To obtain sufficient CH 4 for the combustion process, the CO 2 -CH 4 separation procedure was performed twice due to size limitations of the system. The absorbed CH 4 fraction in the 20-mL flask was desorbed from the molecular sieve material (by warming it up)
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while connected to a vacuum-pumped 2.5-L flask. The obtained gas sample in the 2.5-L flask was diluted with pure N 2 gas to 1 atm. to make it suitable for the combustion system and to obtain a low methane concentration (to enhance the combustion efficiency in the specific combustion system at a certain gas flow rate). The CH 4 fraction of the biogas sample was then ready to be combusted.
For natural gas samples, the procedure prior to combustion was slightly different, as the separation of CO 2 was not necessary. Only water (if present) and heavy molecules have been removed from the natural gas samples by trapping them cryogenically in a vacuum-pumped system with a dry ice/ ethanol mixture. Approximately 380 mL of gas was transferred to a 2.5-L flask and, like the biogas samples, this flask was filled to 1 atm. with pure nitrogen gas as well.
Gas Sample Combustion
The combustion method and the procedure to obtain pure CO 2 was the same for biogas and natural gas samples. After pretreatment, the 2.5-L flask with gas sample was connected in series with a (pure) nitrogen gas flow (~35 mL/min). This flow passed through the flask and then, together with the gas sample, through the entire combustion system. The gas flow (of gas sample + N 2 ) first passed a volume that was oven-heated to 1000°C. At the end of this heated volume, an O 2 flow was introduced to oxidize the gas sample components. The gas flow then passed a volume filled with CuO (oven-heated to 850°C) to oxidize any formed CO to CO 2 . All formed CO 2 was then cryogenically (liquid N 2 ) trapped and the remaining gas (mainly N 2 and O 2 ) was released at the end of the system. For each sample, the combustion process lasted 2 hr because (in general) the obtained CO 2 yield was sufficient (>250 mL). To obtain pure CO 2 for the measurements, the combusted gas flow first passed different steps to remove water and contaminants like oxidized nitrogen and sulfur components, using heated pure Ag (450°C), (acidified) KMnO 4 solution, and cryogen (dry ice/ethanol) water traps.
Remaining NO x components in the obtained CO 2 fraction were removed using pure Cu (at 600°C). All obtained CO 2 samples were stored in vacuum-pumped 200-or 500-mL cylinders.
C and 14 C Analyses of CO 2 Samples
For the isotope measurements, a small aliquot (~5 mL) of each obtained CO 2 sample from the different biogas and natural gas samples was used. This CO 2 volume was cryogenically trapped in a 20-mL flask. For the 14 C measurements of all biogas CO 2 samples, the CO 2 was trapped in 20-mL flasks containing Sulfix (WAKO, 8~20 mesh). Sulfix removes sulfur-containing compounds by heating the flasks in special flask ovens (at 200°C) during one night. Without this pretreatment, the graphitization of these CO 2 samples was not possible. For the 14 C analysis with the AMS system, all CO 2 samples were graphitized to approximately 2 mg graphite and pressed into aluminum targets (Aerts-Bijma et al. 1997 ). The targets have been analyzed on 12,13,14 C with the 14 C-dedicated AMS (High Voltage Europa Tandetron) of the Centre for Isotope Research laboratory in Groningen (Wijma et al. 1996; van der Plicht et al. 2000) .
Biofossil CO 2 Mixtures
Two different series of biofossil CO 2 mixtures have been made, with samples ranging between 0 and 100% bioC. In one series, the δ 13 C values of the mixed bioC and fossilC were very different. In the other series, the δ 13 C values of both fractions were similar. To make a biofossil CO 2 mixture, CO 2 samples from both gases were expanded into calibrated volumes, each at specific pressure. Both cryogenically trapped portions were subsequently expanded and mixed in the evacuated system and, together, cryogenically trapped and expanded once more to obtain a homogeneous mixture. Biogenic C Fraction of Biogas, Natural Gas Fuel Mixtures
The obtained biofossil CO 2 mixture was expanded into two 20-mL flasks. One flask contained Sulfix (see above) and was used for the 14 C analysis of the mixture, while the other flask was used for the IRMS δ 13 C measurement. C ratio of a local reference material:
CALCULATION METHODS

Calculation of
The δ 13 C value of our local reference material with respect to the original VPDB calibration standard (Gonfiantini 1984 
This is the internationally agreed (and often confusing) standardized calculation for the (relative) amount of 14 C in a sample that is used in atmospheric research and other studies. This specific calculation should be used as well in the application to determine the bioC fraction in fuels and other materials. In most published papers about this specific 14 C application, it is often not clear how the reported 14 C values have been calculated exactly. Authors often refer to the paper of Stuiver and Polach (1977) , but based on this reference it is still not clear which calculation method has been used exactly. The calculation is different for different 14 C applications (see also Mook and van der Plicht 1999) . Results can for instance be reported as pMC values, but might not have been calculated exactly according to Equation 2. LSC 14 C results are often not corrected for isotope fractionation. It is important to point out for those who use the 14 C method to determine bioC fractions, that Equation 2 should always be applied irrespective of the 14 C measurement technique employed. The purpose of this equation is to obtain equal 14 C values for samples with equal biogenic carbon fractions, by correcting for all effects that change the 14 C abundance other than decay between the origin of the substance and the sampling date. Such effects include various isotope fractionation phases and the time between sampling and measurement.
For bioC determination, 14 a S N is usually called percentage modern carbon (pMC). The standardization and normalization procedures to obtain these pMC values were first described by Stuiver and Polach (1977) . Mook and van der Plicht (1999) updated this description, mainly in the use of symbols and in showing the calculation procedures for different applications. This study shows the symbols as used in Mook and van der Plicht (1999) . The , and corrected with a factor of 0.7459. The latter value is a specific correction factor for the use of the oxalic acid II standard, which is related to other reference materials that were used prior to this standard (Stuiver 1983) . 13 δ OX 2 is the standardized isotope fractionation value of the oxalic acid II standard: -0.0178 or -17.8‰ (relative to VPDB; Mann 1983). Finally, it has been assumed that both the sample and reference standard have been measured under the same measurement (efficiency) conditions.
Calculation of the bioC Fraction
The bioC fraction (in %) of a sample is calculated as follows: 
Isotope Fractionation Correction
The term (1+ 13 δ N /1+ 13 δ sample ) j in Equation 2 corrects the measured 14 C amount for isotope fractionation based on 13 C isotope ratio measurements to a normalized value, 13 δ N of -0.025 or -25‰ (relative to VPDB), where, by convention, j = 2 (although j ≈ 2 as explained in Mook and van der Plicht 1999 ).
In the normal, routine isotope fractionation correction of an AMS 14 C sample, the δ 13 C value of the sample ( 13 δ sample ) is used as measured with the AMS ( 13 δ sample = 13 δ AMS ). In this routine correction, 13 δ AMS is measured in the total carbon fraction of the sample. It includes the δ 13 C contributions of the different carbon components in the sample and the different fractionation effects ( 13 α) during the sampling, pretreatment, and measurement processes of the whole sample. In the case of biofossil carbon mixtures, the measured 13 δ AMS value thus also includes the fractionation contribution (with 13 α = 13 δ + 1) to the 14 C-free fossil carbon fraction:
For a correct isotope fractionation correction, the fractionation in the 13 C signal should be representative for the fractionation in the 14 C signal. This is only the case if the abundances of both 13 C and 14 C have changed (in a constant ratio) during the same chemical and physical processes. In the case of biofossil mixtures, the 14 C-free fossil carbon has a certain δ 13 C value before mixing with the 14 C-containing biogenic carbon. This fossil δ 13 C value is not related to any fractionation in the 14 C of the mixed biofossil sample. Hence, the 13 C atoms of the fossil carbon fraction and the 14 C atoms of the biogenic fraction have not followed the same fractionation pathways before the mixing of both fractions. The fractionation factor of the fossilC fraction in a sample should therefore be excluded in the fractionation correction. The sample should, in principle, only be corrected based on the δ 13 C value that represents the fractionation in the bioC fraction of the sample: C measurement of the sample's bioC fraction is for most mixtures not possible either. The bioC fraction of biofossil mixtures is usually not separately available for measurement on its carbon isotope composition. The use of 13 δ AMS and the related introduction of a deviation in f bioC are therefore inevitable for biofossil gas mixtures.
Calculation of the Deviation in the bioC Fraction
The absolute deviation in the bioC fraction due to the isotope fractionation correction (using 13 δ AMS instead of 13 δ AMS_bioC ) was calculated as follows:
with
and
If no fractionation correction is applied at all, the absolute deviation in the bioC fraction is (Equation 5 ) was approximated as follows, because it could not be measured directly in the mixed biofossil samples:
δ IRMS_100%bioC is the δ 13 C value of the separately available and measured bioC material (that was used to make a biofossil mixture). It represents the δ 13 C value of the bioC material in the mixed biofossil sample after sampling, pretreatment, and combustion to CO 2 , and
where 13 α AMS _ measurement represents the fractionation in each measured biofossil mixture after graphitization (which is minimal according to Aerts-Bijma et al. 1997 ) and AMS measurement.
13
δ IRMS is the δ 13 C value of the biofossil sample before it is graphitized and 13 δ AMS is the δ 13 C value of the sample after graphitization and measurement with AMS.
RESULTS AND DISCUSSION
This section first gives an overview of the origin and composition of the different biogas and natural gas samples that have been investigated in this study. The 13 C (IRMS) and 14 C (AMS) measurement results are given for the separated CO 2 and (combusted) CH 4 fractions of the eight biogas samples and for the measured CO 2 of the three combusted natural gas samples. The measured carbon isotope values are discussed in detail and the results compared with other studies. A new approach is then presented to determine the 14 C reference values for different biogas samples. The implications of this approach are considered for the accuracy of the bioC fraction calculation. Next, systematic deviations in the calculated bioC fraction due to departures from the correct isotope fractionation correction are presented and discussed. Finally, examples are given of possible errors in the calculated bioC fraction due to the combination of different error sources.
Origin and Composition of the Investigated Gases
The molecular compositions of the investigated gas samples, as analyzed after sampling and prior to the gas pretreatment procedure, are shown in Table 1 . The sample names give information about Biogenic C Fraction of Biogas, Natural Gas Fuel Mixtures the origin or production source of the gases. All biogas samples come from Dutch production plants. The biogas samples Landfill_1 and Landfill_2 are from two different municipal solid waste landfill sites. "Organic waste" is biogas from the digestion of the (wet) organic fraction of municipal waste. "Cookies_fish" is biogas from the waste materials of two different food factories where cookies and fish products are produced. "Mun. sewage sludge" is biogas from municipal sewage sludge. "Manure_vegetables" has been produced from manure together with grass, maize, vegetable fat, and fried potatoes. The biogases Sugar beet and Manure_vegetables are used in combined heat and power (CHP) stations. The other biogases are injected into Dutch national distribution gas networks after pretreatment. The exact production sites of the natural gas samples are classified (by DNV KEMA). Norway gas is a high-caloric gas (caloric value > 37 MJ/m 3 ); all other bio-and natural gases have are low-caloric gases.
C and 14 C Measurement Results Biogas and Natural Gas
The results of the 13 C and 14 C analyses for the different biogas and natural gas samples are listed in The CO 2 fraction of the Mun. sewage sludge has not been analyzed by 14 C as the (cryogenic) extraction yield of CO 2 from this biogas was too low for 14 C analysis. The yield was lower than expected based on the composition of the biogas. This was also the case for the CO 2 yield of the combusted CH 4 fraction of this biogas sample. A clear reason for this has not been found. The combustion of this gas contaminated the combustion system severely. Contamination might also have played a role in the problematic extraction of the CO 2 fraction of this biogas sample (this has however not been investigated further). Table 1 Main molecular composition (in mol%) of the investigated biogas samples and natural gas samples prior to pretreatment in the laboratory (measurements by DNV KEMA). C. Although the Norway gas value is still at background level, the possibility of contamination of the samples prior (mixed with biogas?) or during sampling cannot be excluded. The δ 13 C values of the combusted CH 4 fractions ("CO 2 after combustion" in Table 2 ) of seven different biogas samples vary between -39.2‰ and -61.3‰. This is comparable to the results of studies by Laukenmann et al. (2010) and Levin et al. (2003) , who showed δ 13 C values between -50‰ and -70‰ for biogas methane from relatively similar digestion processes. The δ 13 C value of -28.6‰ for Mun. sewage sludge is relatively high compared to that of the other investigated biogas samples.
The observed variation between the biogas samples is mainly related to the differences in the anaerobic digestion processes of the biogas production plants. The CH 4 in all investigated biogas samples has been produced by anaerobic digestion of the organic input materials by specific microorganisms (like methanogens; for landfill and sewage sludge also other groups are involved). The main biogas CH 4 formation pathways are the production of methane from acetate by acetotrophic methanogens and from CO 2 reduction by hydrogenotrophic methanogens. Methane obtained from acetate fermentation shows less-depleted δ 13 C values than methane obtained from CO 2 reduction (Whiticar et al. 1986; Krzycki et al. 1987; Conrad 2005) . This might explain the less-negative δ 13 C value of municipal sewage sludge CH 4 (Krzycki et al. 1987 ). Which pathways occur or dominate the digestion process (and the isotope fractionation) depend on the type and number of microorganisms available in the process and on the parameters that influence these microorganisms and their ability to digest the organic material, like the composition of the organic material and the fermentation temperature (Conrad 2005) . Methane from landfill gas has been isotopically analyzed in many different studies (Bergamaschi et al. 1998; Cabral et al. 2010; Zyakun et al. 2010 ) and its δ 13 C varies between -30‰ and -60‰ and is often < -45‰, comparable to the measured values in this study (-61 .3‰ for Landfill_1 and -56.3‰ for Landfill_2). The variation between different landfill gas samples is, besides the variations in production processes, also due to differences in oxidation rate in time and depth. The investigated CO 2 fractions of the biogas samples show enriched δ 13 C values that vary between -5.6‰ for Sugar beet and +30.5‰ for the Cookies_fish biogas sample. The enrichment of the CO 2 is related to the formation process of the depleted CH 4 (Conrad 2005 ) and has been measured in other studies as well (Rosenfeld and Silverman 1959; Levin et al. 1993; Laukenmann et al. 2010; Zyakun et al. 2010 ).
The overall δ 13 C value of the biogas carbon fraction ( ) C values between -25‰ and -80‰ measured in natural gas samples at different sites (Schoell 1980; Milkov 2005) . The variation in δ 13 C values of natural gas samples is due to the different and very variable formation processes of the gases (Fuex 1977 ). The measured δ 13 C value of the Groningen gas (-28.4‰) is close to the -29.0‰ found by Hut et al. (1984) for Groningen natural gas sampled at A.F. Tjuchem in the Netherlands. Smilde (1987 Smilde ( -2003 and Lutjewad (2003 Lutjewad ( -2011 . It gives an impression of the average year of atmospheric 14 CO 2 sampling by plants, and thus for the carbon of the organic materials that have been used in the production of the investigated biogas. As all investigated biogas samples have been produced in the Netherlands, it is assumed that the products originate from plants that have grown in the Netherlands as well. The (rural) Dutch monitoring sites are therefore assumed to be representative for the sites of plant growth.
C Values Of Biogas
For the biogas sample Sugar beet, it was known that it was produced from sugar beets that were grown, harvested, and digested in 2011 in the Netherlands. This is confirmed by the data in Figure 1 in which the 14 a S N value of this biogas sample is the same as the average value measured in Dutch atmospheric air in 2011. For the other biogas samples, it is expected that digested vegetables will in general have 14 CO 2 sampling (and harvest) years that are close to the year of digestion as they are usually not stored for a long time. This seems to be the case for the Maize_onions sample and also for Manure_vegetables, although the latter also matches the atmospheric 2008 value. Manure carbon could have been from earlier years than the digested vegetables. For municipal sewage sludge and digested food products (like cookies), the average 14 CO 2 sampling (and harvest) year deviates a few years from the year of digestion (2011). This can be expected because the organic material is not directly digested after harvest, but has first been used in other processes during a certain time period. An example of long-term storage (decades) of atmospheric carbon is wood-based material. In the case of biogas, this long-term storage can be found in organic material stored and "digested" at old landfill sites, as the result of Landfill_2 shows (116 pMC; average atmospheric carbon year is 1988). The storage effect of wood-based plants can also to some extent be seen at landfill sites that are still in use (Landfill_1) and in organic waste, which both contain municipal organic waste fractions that have been recently dumped.
When determining the 14 C values ( 14 a S N(sample) ; Equation 2), the year of harvest of the biogenic organic material, t s , has to be filled in as well. If biogas or biofossil gas mixtures need to be verified and the average harvest year is not known, then the year of digestion should be used instead. Fortunately, the term in Equation 2 containing the harvest year varies very little per year. The calculated 14 a S N value deviates only 0.01% (relatively) with every year of difference between the year of digestion and the average harvest year. For the investigated biogas samples of this study with unknown harvest year, t s = 2011 was used, because that was the year of digestion. For the Sugar beet samples, it was known that the harvest year was 2011. If the harvest years for the "unknown" samples are estimated based on Figure 1 , the use of 2011 instead of the "real" harvest year gives deviations of <0.05 pMC for most of the biogas samples. Only for Landfill_2, for which the harvest year (or "average year of growth") 1988 seems to be a good estimate, 
The
14 C values of the separately measured CO 2 fraction and combusted CH 4 fraction of biogas samples agree for all investigated biogas samples within two times the measurement error. This is also expected, as both fractions originate from the same digested organic materials. In cases of fraud investigation to identify whether biomethane is 100% biogenic, the measurement of the CO 2 fraction could therefore act as an internal reference (comparison with the N(100%bioC) ). Ideally, this value would be the measured 14 C value of the pure biogenic gas that lies at the basis of the sample. Usually, however, this measurement is not possible or feasible, as in most cases the biofossil carbon samples are already mixed (and/or combusted). For biogas samples that need to be verified for bioC composition, a reference value for 100% bioC should be available beforehand and cannot be determined based on the measurement of the biogas sample itself. Therefore, in most cases an approximated value needs to be used that is based on 14 C values of different biogenic materials or based on atmospheric 14 CO 2 . An approximated 14 a S N(100%bioC) value will, obviously, introduce a bigger uncertainty in the calculated bioC fraction (f bioC ) than a directly measured one. Especially for fraud investigation, where fraud should be significantly identified from systematic and random uncertainties in the determined bioC fraction, it is of interest that the approximated value is reliable and that the uncertainty in this value is as small as possible. Quantification of uncertainties in the calculated bioC fraction, including the uncertainty in the used value is calculated based on atmospheric 14 CO 2 values that have been measured in the defined time period of that group. The defined groups are summarized in Table 3 . The (average) year of plant growth is known only for group 1. For the other groups, this is not known and thus has been estimated based on information about the used organic materials: Group 2 is organic material with atmospheric carbon from the harvest year only, digested within 2 yr after harvest. Group 3 consists of two subgroups of organic materials. The first subgroup is organic material with atmospheric carbon from the harvest year only, but which has been pretreated first before becoming a waste product. The second subgroup is organic material stored in plants for a short average time period (few years). Both subgroups are characterized by an average of up to 5-yr difference in time between harvest and digestion of the material. Group 4 is the most complicated one. It contains mixtures of organic material, stored for a long time period (up to several decades) until digestion to biogas (municipal waste is a typical example).
This method can also be used for other (solid, liquid) biofuels. Instead of the year of digestion, the year of biofuel production can then be used. Table 4 value and its overall uncertainty for biogas group 4 have been based on (waste) data by Fellner and Rechberger (2009; see their Table 5 ). Table 4 Table 4 .
The values in
As the values of groups 1-3 in Table 4 (Meijer et al. 1995; Levin et al. 2003; Hsueh et al. 2007; Palstra et al. 2008 ). The Table 4 are therefore useful average values for biogas samples, regardless of its organic carbon origin (at least in Europe). Only the uncertainties in Table 4 will be slightly larger for biogas groups 1-3 due to this spatial variation (with 1σ approximately ±0.5 pMC). The total (1σ) uncertainties in the approximated values of biogas groups 1-3 are then ±0.7, ±0.9, and ±1.7 pMC, respectively, instead of the uncertainties given in Table 4 .
It was verified that the 100% bioC reference values of Table 4 give the correct bioC fractions for the investigated biogas samples (Table 2) , within the given uncertainty ranges. For this verification, it was assumed that all investigated biogas samples contained 100% biogenic carbon. As the investigated biogas samples in this study contain organic carbon from plants materials that have mainly CO 2 value April-October of the year of digestion and the previous year.
3. (Average) year of plant growth is not known and average difference between biomass harvest and digestion is estimated to be <10 yr (food residue, manure, sewage sludge, wet organic municipal waste fraction; wood <10 yr).
Average atmospheric 14 CO 2 values April-October of 10 yr incl. year of digestion.
4. (Average) year of plant growth is not known and average difference between biomass harvest and digestion >10 yr (municipal waste stored in old landfills, wood >10 yr).
Average 14 C value of waste materials in year of sampling, based on study by Fellner and Rechberger (2009). grown in the Netherlands, the values and the given uncertainties in Table 4 are expected to be very representative for the investigated biogas samples. The biogas samples have been divided over the four defined groups based on the available information about the organic material used in the biogas production. Table 5 shows the calculated bioC fractions of the biogas samples. The 1σ error in the calculated bioC fraction is determined by the (AMS) measurement error in Biogas from vegetables that have grown in greenhouses where fossil CO 2 has been added to the air, forming a special class of "bio material." The 14 C values of these plants can in principle be much lower than atmospheric 14 CO 2 values due to the dilution with 14 C-free fossil carbon. If the bioC fraction of these (pure) biogases is calculated using a 100% bioC reference value, as determined according to the method described in Table 3 , this bioC fraction will be lower than 100%. On the one hand, this is not satisfactory since the formed gas is purely "biogenic," that is, recently formed by photosynthesis. On the other hand, the 14 C method correctly shows that fossil fuel CO 2 is involved, and is right in the sense that using this biogas will only partially prevent the emission of fossil fuel CO 2 into the atmosphere. What is desirable in this application of the 14 C method for biogas samples is a matter of definition, but both practical and principal arguments are in favor of the correctness of the 14 C-based determination. C bioC = δ 13 C fosC , as is also shown by experimental case 2 and theoretical case 2. As the δ 13 C values of biogas and natural gas can vary considerably, but will in general not differ more than 50‰ (theoretical case 5), absolute deviations in a calculated bioC fraction between 0 and ±2.5% can be expected for biofossil gas mixtures with unknown δ 13 C values of the bioC and fossilC fractions.
If no isotope fractionation correction is applied (published LSC measurements are often not corrected for isotope fractionation and application of the correction is often questioned by users of LSCbased 14 C data), the systematic deviation in the calculated bioC fraction increases with increasing difference between the δ 13 C bioC value of the investigated sample and δ
13
C N (the normalized δ 13 C value of -25‰). The absolute deviation increases with increasing bioC fraction, is maximal at 100% bioC and can be up to -10% for biogases. Especially if biogas samples are verified for their bioC content (verification of 100% bioC), no fractionation correction of the measured 14 C value in the sample will give erroneous verification results.
Accuracy of the 14 C Method for Biogas/Natural Gas Fuel Mixtures
In the previous sections, two principle sources of error in the calculated bioC fraction have been demonstrated for biofossil gas mixtures: the uncertainty in the 14 C reference value for 100% bioC ( Table 3 , the different biogas groups are defined. Each group has a certain uncertainty in the 100% bioC reference value ( 14 a S N(100%bioC) ). Group 1, biogases with known harvest year, has the lowest uncertainty and group 4, landfill biogas, has the highest uncertainty. In Figure 3 , the results of both groups together show the range of possible errors in the 14 C-based method to calculate bioC fractions for biofossil gas mixtures. The possible errors given for groups 1 and 4 are a combination of the (1σ) uncertainties in the 14 C measurement and in the approximated Cases 1 and 2 show the results for biogases of group 1 and cases 3 and 4 represent wood-based and landfill biogases (group 4). In these cases, the uncertainty in the approximated 14 a S N(100%bioC) values is ±0.5 pMC for cases 1 and 2 and ±4 pMC for cases 3 and 4 (using Table 4 ). The possible deviation in Figure 2 Absolute deviations in the calculated bioC fraction (%) for two experimental (exp.) and five theoretical (theor.) cases in which the measured 14 C value has been corrected for isotope fractionation based on the δ 13 C value of the biofossil sample instead of the δ 13 C value of the bioC fraction in the sample alone. The figure also shows the absolute deviation in the bioC fraction for two cases in which no isotope fractionation correction has been applied at all (No corr.). In the figure text, b-61_f-28 means a 13 C value of -61‰ for the bioC fraction and 13 C value of -28‰ for the fossilC fraction. Biogenic C Fraction of Biogas, Natural Gas Fuel Mixtures the calculated bioC fraction due to incorrect isotope fractionation (if the δ 13 C values of the separate bioC and fossilC fractions in the sample are unknown) varies between 0 (δ 13 C bioC = δ 13 C fossilC ; cases 1 and 3) and a certain expected maximum value that depends on the possible difference between δ 13 C bioC and δ 13 C fossilC for the investigated type of sample material (δ 13 C bioC ≠ δ 13 C fossilC ; cases 2 and 4). The differences in δ 13 C values between the biogenic and fossil gases investigated in this study range from +10‰ to -33‰. Differences up to 50‰ may be possible, but these differences will not occur often. Differences up to +40‰ and -40‰ are more likely and both these values have therefore been used in the calculation of the uncertainty range for cases 2 and 4. Cases 1 and 3 represent the minimal uncertainty in the calculated bioC fraction for biofossil gas mixtures for groups 1 and 4, respectively. For biogases with harvest years <2 yr or <10 yr before digestion (in Table 3 : groups 2 and 3, respectively), the results are in between those of groups 1 and 4.
For verification whether biogases (especially the methane fraction) contain 100% bioC, the 100% bioC fraction can be determined with an (1σ) uncertainty of ±0.7%, ±0.9%, ±1.7, and ±4% for the biogas groups 1, 2, 3, and 4, respectively (Table 3) . For biofossil gas mixtures, the (partly 1σ) errors in the calculated bioC fractions can be up to ±2.5% (at bioC of 50%), ±2.5% (at 55% bioC), ±3.0% (at 60% bioC), and ± 4.5% (at 75% bioC) for the biogas groups 1, 2, 3, and 4 respectively.
CONCLUSIONS AND RECOMMENDATIONS
This study measured the 13 C values varied between -6‰ and +31‰ for the CO 2 fractions of the biogases, between -28‰ and -62‰ for the combusted CH 4 fractions of the biogases, and between -28‰ and -40‰ for the combusted natural gases.
14 C values of the investigated biogases varied between 102 and 116 pMC and were <0.2 pMC for natural gases. Figure 3 Ranges of possible (±) errors in the calculated bioC fraction (%), which are typical for specific biogas and biofossil gas mixtures if measured with AMS. Cases 1 and 2 represent biofossil gas mixtures with biogas from group 1 (as defined in Table 3 ). Cases 3 and 4 represent mixtures with biogas from group 4. In the figure text: "meas" is measurement uncertainty, "ref" is the uncertainty in the estimated 100% bioC reference value, and "frac" is the the systematic error in the isotope fractionation correction.
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A method is proposed to minimize the uncertainty in the calculated bioC fraction of a biogas or biofossil gas mixture, by dividing biogases into 4 different groups with different uncertainty ranges. This method can be used for other biofuels as well and we recommend its adoption in international standards. The uncertainty in the calculated bioC fraction due to the uncertainty in the approximated 100% bioC reference value ( 14 a S N(100%bioC) ) varies between ±0.5% and ±3.5% for the defined biogas groups.
Systematic deviations arise in the calculated bioC fractions if in the isotope fractionation correction the δ 13 C value of the mixed biofossil sample is used instead of the δ 13 C value of the bioC fraction alone. The size of this deviation increases with increasing difference between the δ 13 C values of the bioC and fossilC fractions in the sample. For biofossil gas mixtures, differences can be up to 50‰ and deviations in the calculated bioC fraction of up to ±2.5% (at 50% bioC fraction) are therefore possible. If no isotope fractionation correction is applied in the calculation of the bioC fraction for biogases and biofossil gas mixtures, the absolute error in the determined bioC fraction can be up to -8%.
The possible errors in the determined bioC fractions were determined for the four biogas groups (Table 3) . These values represent samples that have been measured with AMS, for which an approximated 100% bioC reference value has been used, and the δ 13 C values of the separate biofossil fractions are unknown. For 100% bioC verification of biogases (biomethane), the 100% bioC fraction can be determined with an (1σ) uncertainty of ±0.7%, ±0.9%, ±1.7%, and ±4% for the biogas groups 1, 2, 3, and 4, respectively. For biofossil gas mixtures, the errors in the calculated bioC fractions can be up to ±2.5% (at bioC of 50%), ±2.5% (at 55% bioC), ±3.0% (at 60% bioC), and ±4.5% (at 75% bioC) for the biogas groups 1, 2, 3, and 4, respectively. Knowledge about the origin and composition of the organic material used in the production of biogas is essential to minimize the uncertainties in the 14 C-based determination of the bioC fraction of biogas samples and biofossil gas mixtures.
